The innate immune recognition of bacterial lipopolysaccharide (LPS) is mediated by Toll-like receptor 4 (TLR4) and results in activation of proinflammatory signaling including NF-B and MAPK pathways. Heterotrimeric G proteins have been previously implicated in LPS signaling in macrophages and monocytes. In the present study, we show that pertussis toxin sensitive heterotrimeric G proteins (G␣i/o) are involved in the activation of MAPK and Akt downstream of TLR2, TLR3, and TLR4 in endothelial cells. G␣ i/o are also required for full activation of interferon signaling downstream of TLR3 and TLR4 but are not required for the activation of NF-B. We find that G␣i/o-mediated activation of the MAPK is independent of the canonical MyD88, interleukin-1 receptor-associated kinase, and tumor necrosis factor receptor-associated factor 6 signaling cascade in LPS-stimulated cells. Taken together, the data presented here suggest that heterotrimeric G proteins are widely involved in TLR pathways along a signaling cascade that is distinct from MyD88-TRAF6.
THE INNATE IMMUNE RECOGNITION of bacterial and viral products is mediated by a family of transmembrane receptors known as Toll-like receptors (TLRs). Lipopolysaccharide (LPS), a key component of the outer wall of gram-negative bacteria, initiates endothelial activation through a receptor complex consisting of TLR4, CD14, and MD2 (9) . Recruitment of the adaptor proteins TIR-containing adaptor molecule (TIRAP) and myeloid differentiation factor (MyD88) initiates a MyD88-dependent pathway that culminates in the activation of NF-B and MAPK. Activation of these downstream targets requires recruitment of interleukin-1 receptor-associated kinase (IRAK4) and IRAK1 through interaction between the death domains of MyD88 and the IRAKs. The autophosphorylation and activation of IRAK1 results in the ability to bind tumor necrosis factor receptor-associated factor 6 (TRAF6) (7) , which leads to oligomerization and polyubiquitination of the TRAF6 molecule (11) . This facilitates activation of transforming growth factor-␤ (TGF-␤)-activated kinase 1, which leads to activation of the IKK-NF-B pathway and the three MAPK: p38, ERK, and JNK (39) . In addition to the MyD88-dependent pathway, LPS stimulation also results in the activation of a MyD88-independent pathway, through recruitment of the adaptor molecules TIR-containing adaptor inducing IFN-␤ (TRIF) and TRIF-related adaptor molecule. This leads to the late-phase activation of NF-B and interferon regulatory factor 3 (IRF3), as well as activation of the MAPKs and phosphatidylinositol 3-kinase (PI3K) (10) .
The endothelium plays a major role in the pathogenesis of sepsis. Under normal conditions, the endothelium functions to maintain organ homeostasis through vasoregulation, selective vascular permeability, and providing an anticoagulant surface. During bacterial infection, the normal physiological functions of the endothelium are perturbed, contributing to the organ failure characteristic of sepsis (10) . Several recent studies suggest that the LPS-mediated functions of the endothelium are a direct result of LPS binding to TLR4 on the endothelial surface rather than secondary to the production of proinflammatory mediators from LPS-primed immune cells. It has been shown that endothelial-specific expression of TLR4 leads to increased leukocyte recruitment in lung and cerebral microvessels and is sufficient to clear a bacterial infection (2, 3, 27, 45) . These studies highlight the need for further examination of the signaling pathways initiated in response to LPS in the endothelium, which will be critical to our understanding of the innate immune response to gram-negative bacterial infection.
In addition to TLR4, endothelial cells express TLR2 and TLR3, which have been shown to be important mediators of inflammation (21, 38) . Endothelial cells from TLR2-null mice are deficient in IL-6 production and do not increase expression of selectin molecules critical for neutrophil adhesion in response to TLR2 agonists (38) . Moreover, human endothelial cells upregulate coagulation pathways in response to TLR2 ligands (38) . TLR2 has also been shown to be important for aortic endothelial cell Weibel-Palade body exocytosis, thereby facilitating the cell-surface expression of P-selectin and subsequent rolling and adhesion of platelets and leukocytes (21) . TLR3 mediates the expression of inflammatory molecules, such as IFN-␤ and soluble E-selectin, in human retinal vascular endothelial cells of patients with retinal vasculitis (25) . Taken together, these studies suggest that endothelial expression and function of TLRs is critical for the regulation of inflammatory events.
Previous studies have implicated heterotrimeric guanine nucleotide binding regulatory (G) proteins in LPS signaling in macrophages and monocytes (17) . Genetic deletion of the G␣ i isoforms (G␣ i1 , G␣ i2 , and G␣ i3 ) suggests that G ␣i proteins differentially regulate TLR-stimulated cytokine production in a cell-type specific manner (16) . However, the role of G␣ i/o proteins in TLR4 signaling in endothelial cells remains less well understood and the role of G␣ i/o in TLR signaling cascades other than TLR4 has not been shown. Endothelial cells have been shown to express isoforms of the G␣ i/o family (12) and G protein-coupled receptors that signal through G␣ i/o are important mediators of vascular functions during inflammation, such as vascular permeability, adhesion molecule expression, and cytokine production (4, 6, 8, 41 ). Thus we wanted to determine the activation and contribution of G␣ i/o to the inflammatory signaling events initiated by TLRs in endothelial cells. In this study, we find that G␣ i/o are important for the activation of MAPK and Akt downstream of TLR2, TLR3, and TLR4, as well as the activation of interferons downstream of TRIF-dependent signaling from TLR3 and TLR4. Moreover, we find that the activation of downstream signaling by G␣ i/o is independent of TRAF6.
MATERIALS AND METHODS
Reagents. LPS and pertussis toxin (PTx) were purchased from Sigma. Poly(I:C) and the synthetic tripalmitoylated lipopeptide, Pam3CSK4, were purchased from InvivoGen (San Diego, CA). The phospho-specific antibodies against JNK, p38, ERK1/2, and Akt and anti-Akt were purchased from Cell Signaling Technology (Beverly, MA). Anti-p38 and anti-ERK1/2 were purchased from Stressgen (Plymouth Meeting, PA). Anti-JNK1, anti-ubiquitin, and anti-TRAF6 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). TrueBlot anti-rabbit immunoglobulin immunoprecipitation beads were obtained from eBioscience (San Diego, CA).
Cell culture. The skin-derived human microvascular endothelial cell line (HMEC) was cultured in MCDB131 medium (Sigma, St. Louis, MO) supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 10 ng/ml EGF and 100 units each of penicillin and streptomycin. Human umbilical vein endothelial cells (HUVEC) were isolated as described previously (24) and cultured in MCDB131 supplemented with 10% heat-inactivated FCS, 10% heat-inactivated FBS, 2 mM glutamine, 20 ng/ml endothelial cell growth supplement (BD Bioscience, Mississauga, ON), 16 units/ml Heparin, and 100 units each of penicillin and streptomycin. The retroviral producer cell line AmphoPhoenix (gift from G. Nolan, Stanford University, Stanford, CA) was cultured in Dulbecco's modified Eagle medium (Sigma, St. Louis, MO) supplemented with 10% FBS, 2 mM glutamine, and 100 units each of penicillin and streptomycin.
Recombinant plasmids and transfection. TRAF6⌬N (aa289-522) was provided by Tularik (San Francisco, CA) and previously subcloned into the retroviral vector, LNCX (gift of A. D. Miller, Fred Hutchinson Cancer Research Center, Seattle, WA) (20) . The expression plasmid encoding G␣ i2-GFP was generated by PCR and cloned into pEGFPN2 by restriction digest. Transient transfections of the AmphoPhoenix packaging cell line were carried out using TransITsiQUESTtransfection reagent according to the manufacturer's instructions (Mirus Bio, Madison, WI). Viral supernatants were used to transduce HMEC, and cell lines were selected using G418 (300 g/ml). Expression of proteins was verified by immunoblotting. A small interfering (si)RNA targeting human G␣ i2 mRNA (NM_002070) shG␣i2 266-GCAACCTGCAGATCGACTTTG-286 and shRandom GTTGCT-TGCCACGTCCTAGAT were cloned into pLentilox3.7. Lentiviral particles were produced from HEK293T cells by cotransfection of pLentilox short hairpin (sh)RNA vector, pVSVG, pMDL g/p RRE, and RSV-REV. Viral supernatants were used to transduce target cells, and green fluorescent protein-positive cells were selected by flow sorting (FACS 440; Becton Dickson). Expression of mRNA was verified by RT-PCR.
cAMP assay. HMEC were pretreated with 1 mM IBMX for 15 min and then treated for 30 min with 10 M forskolin (FSK) and 100 ng/ml LPS. In some instances, cells were pretreated with PTx for 1 h (16 h) before the treatment with IBMX, FSK, and LPS. Cells were lysed in a solution of 0.1 N HCl, and intracellular cAMP levels were assayed using the cAMP Direct Immunoassay Kit (Calbiochem, Gibbstown, NJ), according to manufacturer's instructions.
Immunoprecipitation. To examine covalent polyubiquitination of TRAF6, HMEC treated with or without LPS, in the presence or absence of PTx pretreatment, were lysed for 30 min in modified radioimmunoprecipitation buffer containing 50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 20 mM N-ethylmaleimide and freshly added protease inhibitor cocktail (Sigma; St. Louis, MO). Cell lysates (3 mg) were immunoprecipitated with antibody against TRAF6 (1 g) for 3 h followed by 12 h incubation in the presence of TrueBlot anti-rabbit immunoglobulin immunoprecipitation beads. Immunoprecipitates were washed three times with lysis buffer followed by the addition of SDS sample buffer. Proteins were separated on SDS-polyacrylamide gels and subjected to immunoblotting with anti-ubiquitin and TRAF6 antibodies.
Luciferase assay. HMEC were transiently transfected with the NF-B luciferase responsive reporter (pNF-B-Luc), which contains five tandem NF-B-binding sites upstream of the luciferase gene (a gift from Dr. Frank Jirik, University of Calgary, Calgary, AB, Canada) or an interferon stimulated response element (ISRE) coupled to luciferase (Stratagene, Santa Clara, CA). Transfections were performed using SuperFect Transfection Reagent (Qiagen, Frederick, MD) according to manufacturer's instructions. For normalization, cells were cotransfected with the Renilla luciferase plasmids, pRL-CMV (for NF-B; Promega, Madison, WI) or pRL-TK (for ISRE; Promega, Madison, WI). HMEC were treated with or without LPS, in the presence or absence of PTx pretreatment 48 h after transfection, and dual luciferase reporter assays (Promega, Madison, WI) were performed.
Statistical analysis. Results are expressed as means Ϯ SD. Data were analyzed using a two-tail Student's t-test using the GraphPad Prism statistical program. P values of less than 0.05 were considered significant. Error bars depict SD. Fig. 1 . Decrease in cAMP production in response to ligands for Toll-like receptors (TLR)2, TLR3, and TLR4 in endothelial cells. Human microvascular endothelial cell line (HMEC) were pretreated with 1 mM IBMX for 15 min and then treated with forskolin (FSK; 10 M, 30 min) and either lipopolysaccharide (LPS; 100 ng/ml, 1 h), Pam3CSK4 (100 ng/ml, 1 h), or Poly(I:C) (2 g/ml, 1 h) as indicated. In some instances, cells were pretreated with pertussis toxin (PTx) for 16 h. Cell lysates were used to determine intracellular cAMP levels. *P Ͻ 0.001 relative to FSK-treated cells and **P Յ 0.001 relative to ligand-treated cells, as determined by Student's t-test. Error bars indicate SD; n ϭ 3 independent experiments.
RESULTS

TLR ligands activate heterotrimeric G␣ i/o proteins in endothelial cells.
Activated heterotrimeric G␣ i/o proteins inhibit the function of adenylyl cyclase, thereby reducing intracellular cAMP levels (40) . Because resting endothelial cells have been shown to express TLR2, TLR3, and TLR4 (18), we sought to determine whether G␣ i/o proteins are activated downstream of these TLRs in HMEC by measuring intracellular cAMP in response to their respective ligands. HMEC treated with LPS (TLR4 ligand), Pam3CSK4 (TLR2/6 ligand), or Poly(I:C) (TLR3 ligand) showed decreased FSK-induced cAMP production (Fig. 1) . To confirm that the decrease in cellular cAMP levels were the result of increased activation of G␣ i/o proteins, HMEC was treated with PTx, a G␣ i/o protein inhibitor, before the stimulation with TLR ligands. PTx treatment reversed the decrease in cAMP levels ( Fig. 1) Fig. 2 and Supplemental Figs. S1 and S2, A and B) . p38 activation was delayed in HMEC pretreated with PTx ( Fig. 2 and Supplemental Fig. S2C ), although inhibition of G␣ i/o by PTx did not decrease activation of p38 in HUVEC (Supplemental Fig. S1 ). Pretreatment of HMEC with cholera toxin, an inhibitor of the stimulatory class of G proteins (G␣s), did not alter MAPK activation in response to LPS (data not shown). These results suggest that G␣ i/o proteins regulate ERK1/2 and Fig. 2 . PTx inhibits TLR-mediated activation of MAPK and Akt in endothelial cells. A-C: HMEC were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (A; 100 ng/ml), Pam3CSK4 (B; 100 ng/ml), or Poly(I:C) (C; 2 g/ml) for the indicated times. Cell lysates were subjected to immunoblot analysis with antibodies against the phosphorylated form of ERK1/2, JNK, p38, and Akt. Total MAPK or Akt protein was used as a control for protein loading. Data are representative of n Ն 2 independent experiments. JNK, but not p38, activation downstream of TLR4 in endothelial cells. This is in contrast with the ubiquitous involvement of G␣ i/o proteins in MAPK activation in macrophages and monocytes (13, 17) .
We, and others, have shown that PI3K and Akt are activated downstream of TLR4 in endothelial cells (20) ; however, the mechanism of activation of PI3K/Akt in response to LPS is not well characterized. Because the PI3K isoform, PI3K-␤, is activated downstream of G protein-coupled receptors (28, 30) , we wanted to determine whether G␣ i/o play a role in the activation of PI3K/Akt downstream of TLR4. HMEC or HUVEC pretreated with PTx showed decreased LPS-induced activation of Akt compared with vehicle-treated cells, suggesting that the activation of G␣ i/o is required for TLR4-mediated activation of Akt. (Fig. 2A and Supplemental Figs. S1 and  S2D ). Because similar results were obtained using both HMEC and the primary cell line, HUVEC, the remaining experiments were conducted in HMEC.
G␣ i/o proteins contribute to activation of MAPK and Akt downstream of TLR2 and TLR3.
Since G␣ i/o proteins are activated downstream of TLR2 and TLR3 (Fig. 1) , we wanted to determine whether G␣ i/o proteins modulate MAPK and/or Akt activation by these TLRs. Pretreatment of HMEC with PTx decreased Pam3CSK4-induced ERK1/2, p38, and Akt, but not JNK, activation ( Fig. 2B and Supplemental Fig. S3A-C) . In contrast with TLR2 and TLR4, TLR3 signaling is initiated solely through receptor binding of the adaptor molecule TRIF, leading to activation of NF-B, interferon regulatory factor 3 (IRF3), and the MAPKs (10). To examine whether MAPK or Akt activation downstream of TLR3 requires G␣ i/o proteins, HMEC were pretreated with PTx and stimulated with Poly(I: C). This resulted in a PTx-mediated reduction of ERK1/2 and Akt activation (Fig. 2C and Supplemental Fig. S4, A and B) . Activation of JNK and p38 by Poly(I:C) was weak in HMEC and unable to be assessed (data not shown). We were also unable to detect activation of MAPK downstream of TLR5 and TLR9 (data not shown), and resting HMEC do not express TLR7 and TLR8 (18) . Similar to what was observed downstream of TLR4, pretreatment of HMEC with cholera toxin did not inhibit activation downstream of TLR2 or TLR3 (data not shown). These results suggest that activation of G␣ i/o downstream of both MyD88-dependent and MyD88-independent TLRs leads to increased MAPK and Akt activation.
G␣ i/o proteins do not contribute to LPS-induced activation of NF-B in endothelial cells. In endothelial cells, TLR4
signals along the MyD88/IRAK axis and bifurcates downstream of TRAF6 to activate NF-B and JNK (20) . To assess the role of G␣ i/o in endothelial NF-B activation, we used an NF-B luciferase reporter assay. HMEC pretreated with PTx did not show a decrease in LPS-induced NF-B transcriptional activity (Fig. 3A) . Conversely, pretreatment of HMEC with mastoparan abolished NF-B luciferase activity, which agrees with the earlier finding that mastoparan acts indirectly on LPS signaling by neutralizing the ligand and decreasing TLR4 mRNA expression (42) . Moreover, PTx also did not have an effect on NF-B activation downstream of TLR3 (Fig. 3B) . LPS-induced NF-B activation requires degradation of IB␣ in endothelial cells (43) ; thus, to confirm that G␣ i/o proteins do not contribute to activation of the canonical NF-B pathway, LPS-induced IB␣ degradation was measured in PTx-treated HMEC. As expected, IB␣ protein levels were decreased in Fig. 3 . G␣i/o proteins are not required for NF-B activation in endothelial cells. A-C: HMEC were cotransfected with an NF-B-Luc construct and a constitutively active Renilla luciferase plasmid (pRL-CMV). Cells were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (A; 100 ng/ml) or Poly(I:C) (B; 2 g/ml) for 8 h. C: HMEC were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (100 ng/ml) for the times indicated. Cell lysates were subjected to SDS-PAGE and immunoblotted with an antibody directed against IB␣. Anti-tubulin was used as a control for protein loading. D and E: HMEC were cotransfected with an ISRE-Luc construct and a constitutively active Renilla luciferase plasmid (pRL-TK). Cells were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (D; 100 ng/ml) or Poly(I:C) (E; 2 g/ml) for 8 h. *P Ͻ 0.002 and **P Ͻ 0.005. Error bars indicate SD; n Ն 3 independent experiments. LPS-stimulated cells, and pretreatment with PTx had no effect on IB␣ degradation (Fig. 3C) .
G␣ i/o proteins contribute to activation of IFNs by TLR3 and TLR4 in endothelial cells. TLR3 and TLR4 also engage TRIF for activation of IFN-responsive genes (10) . Thus, to determine whether G␣ i/o proteins are important for activation of interferons, we used an ISRE luciferase reporter. Inhibition of G␣ i/o resulted in a decrease in LPS and Poly(I:C)-induced ISRE transcriptional activity (Fig. 3, D and E (11) . Therefore, to determine whether G␣ i/o proteins are important for TRAF6 activation, we assessed TRAF6 ubiquitination in PTx-treated cells. LPS stimulation increased TRAF6 ubiquitination in vehicle control HMEC, and the degree of polyubiquitinated TRAF6 was not affected by pretreatment with PTx (Fig. 5A ). This suggests that G␣ i/o proteins do not act upstream of TRAF6. Therefore, we hypothesized that G␣ i/o proteins must either converge on the signaling pathway down- Fig. 4 . G␣i/o proteins do not function along the TRAF6 signaling cascade. A: HMEC were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (100 ng/ml) for 30 min. Whole-cell lysates were prepared and immunoprecipitated with anti-TRAF6 antibody under denaturing conditions followed by immunoblotting with anti-ubiquitin and anti-TRAF6 antibodies. HMEC were transduced with the dominant negative LNCX-TRAF6⌬N or vector alone. B: expression of LNCX-TRAF6⌬N was confirmed by immunoblotting of cell lysates. Tubulin was used as a control for protein loading. C: cells were pretreated with PTx (100 ng/ml, 1 h) and stimulated with LPS (100 ng/ml) for the times indicated. Activation of MAPK and Akt was measured using phospho-specific antibodies to JNK, ERK1/2, p38, and Akt. Total MAPK and Akt was used as a positive control for protein loading. The P-Akt/Akt blot was loaded with LNCX-TRAF6⌬N lanes preceeding the LNCX lanes; thus the image was rearranged to align with the MAPK blots. D: densitometric analysis of the activation of JNK and Akt relative to total protein. *P Յ 0.005, **P Ͻ 0.05. Error bars indicate SD; n ϭ 3 independent experiments. IP, immunoprecipitation.
stream of TRAF6 or function in a parallel signaling cascade. To further explore where G␣ i/o converge on the signaling pathway, we used concurrent inhibition of G␣ i/o proteins with PTx, and expression of dominant negative TRAF6. The COOH-terminal fragment of TRAF6 (TRAF6⌬N) has been shown to act as a dominant-negative molecule to inhibit signaling downstream of TRAF6 in IL-1R and TLR signaling (7, 44) . Expression of TRAF6⌬N in HMEC decreased activation of JNK and Akt, but this decrease was not augmented by inhibition of G␣ i/o (Fig. 4, B and C) . In contrast, ERK1/2 activation was unaffected by the expression of TRAF6⌬N and significantly decreased by PTx (Fig. 4C) . Together, these results support a model where G␣ i/o signaling converges downstream of TRAF6 to activate JNK and Akt, whereas G␣ i/omediated ERK1/2 activation remains independent of the TRAF6 pathway in endothelial cells.
G␣ i2 is sufficient, but not necessary, to activate JNK in endothelial cells. There is emerging evidence that single transmembrane spanning receptors couple to heterotrimeric G proteins (37). Thus we used genetic manipulation to determine whether TLR4 signals through G␣ i/o . Indeed, overexpression of G␣ i2 in HEK293-TLR4-MD2-CD14 expressing cells resulted in an increase in LPS-induced activation of JNK (Fig. 5A) . However, a decrease in LPS-induced JNK activation using lentiviral-mediated RNA interference using shRNA targeting G␣ i2 alone was not detected in HMEC (Fig. 5B) . Together, these findings suggest that G␣ i2 is sufficient, but not necessary, for signaling through TLR4, and that other G␣ i/o proteins may also be involved.
DISCUSSION
There is increasing evidence demonstrating cross-talk between TLRs and signaling pathways, such as TGF-␤ (29, 31), ␤ 2 integrins (23), and nuclear receptors (34) . Furthermore, collaboration between TLR4 and heterotrimeric G␣ i/o protein signaling has been described in cells of the immune system (13, 16, 17) . Here, we show for the first time that G␣ i/o proteins are activated by multiple TLRs in endothelial cells to mediate activation of MAPK, Akt, and interferons (Fig. 6 ). The finding that G␣ i/o proteins contribute to TLR4-mediated ERK1/2 and JNK activation, but not p38, is in contrast with the ubiquitous involvement of G␣ i/o proteins in MAPK activation in immune cells (13) (17) . The activation of PI3K/Akt downstream of TLRs has not been extensively studied. We find that inhibition of G␣ i/o is sufficient to reduce the level of Akt activation back to basal levels in response to ligands for TLR2, TLR3, and TLR4. These results show that G␣ i/o proteins are important mediators of multiple signaling events downstream of TLRs and highlights the importance of cell type specific modulation of TLR signaling.
Heterotrimeric G␣ i/o proteins have been suggested to be involved in TLR4, but not TLR2, signaling in endothelial cells (26) . However, this study was performed using the wasp venom-derived peptide, mastoparan, to disrupt heterotrimeric G protein signaling. However, it has been shown that masto- paran binds the toxic lipid A portion of the LPS molecule with high affinity, effectively reducing the activity of LPS in a manner similar to that of the LPS neutralizing agent, polymyxin B (42) , which is consistent with our data. Furthermore, mastoparan decreases TLR4 mRNA expression in a dosedependent manner (42) . These findings suggest that the results obtained from studies utilizing mastoparan as an inhibitor of TLR4-mediated G protein signaling should be interpreted with caution since the effects of this treatment may be to specifically bind and inhibit LPS rather than to inhibit G protein activation or signaling. Moreover, in contrast with the previous study (42), we find that TLR2 does indeed utilize G␣ i/o proteins for MAPK and Akt activation.
The family of TLRs signal through various adaptor proteins (33) . TLR2 engages MyD88/TIRAP and TLR3 engages TRIF alone, whereas TLR4 is coupled to all of MyD88/TIRAP and TRIF/TRIF-related adaptor molecule (33) . These results suggest that G␣ i/o proteins may act through a common mechanism to initiate signaling events downstream of diverse TLR signaling pathways. Fan et al. (16) have found that G␣i proteins are important for signaling events initiated by both gram-positive and gram-negative bacteria. These data support our finding that G␣ i/o proteins are important for signaling from multiple TLRs. The TLR homology domain, TIR, is common to all TLRs and the IL-1R family members, IL-1R, IL-18R, and ST2 (5). IL-1 stimulation has been shown to increase GTP binding to cellular membranes and promote GTP hydrolysis (32) . We have also seen that PTx can inhibit IL-1R-mediated signaling to Akt, but not the MAPKs (data not shown).
Our finding that genetic depletion of G␣ i2 is insufficient to abrogate signaling downstream of TLR4 suggests that the other G␣i isoforms, G␣i1 and G␣i3, may exhibit functional redundancy during LPS activation. Indeed, the highly homologous G␣i isoforms are functionally redundant downstream of ␣ 2 -adrenoreceptors in vivo (1), and Fan et al. have seen that transfection of a dominant negative for a single G␣i subunit is not sufficient to decrease ERK1/2 activation, but rather cotransfection of dominant negative constructs for at least two G␣i subunits is required for inhibition of the signal (13) . Whether TLR4 signals through other G␣i isoforms in endothelial cells remains unclear. However, it has been shown that genetic deletion of the G␣i isoforms results in a decrease in the production of proinflammatory cytokines in macrophages and splenocytes, suggesting that all three isoforms may have signaling capacity downstream of TLR4 (14, 15) .
There is emerging evidence that single transmembrane spanning receptors couple to heterotrimeric G proteins (37) . Such nonclassical interactions have been demonstrated for receptor tyrosine kinases, epidermal growth factor receptor, and the insulin and insulin-like growth factor receptors (37) . Insulindependent lipolysis and inhibition of glucose oxidation are blocked by PTx (19) and heterotrimeric G proteins have been shown to physically associate with, and be activated by, the insulin receptor (22, 36) . Indeed, the intracellular domains of TLR2, TLR3, and TLR4 contain a consensus motif for binding of G␣ i/o , which consists of a basic residue at the NH 2 terminus and the COOH-terminal structure of BBXXB or BBXB (where B is any basic residue and X is any nonbasic residue) (35) . It would be of interest to investigate whether this region of the intracellular TIR domain is responsible for binding and activation of G␣i.
In conclusion, we have shown for the first time that heterotrimeric G␣ i/o proteins are activated downstream of multiple TLRs to contribute to endothelial activation of MAPK and Akt, as well as interferon activation downstream of TRIF-dependent receptors. These findings are important to our understanding of endothelial responses to bacterial and viral products in microbial infection.
